Abstract: A new photonic microwave image rejection mixer that can achieve high conversion efficiency and has a wide bandwidth is presented. It is based on an integrated dual-parallel Mach-Zehnder modulator (MZM) with a 90°polarization rotator on one branch of the modulator. The two modulators connected in parallel are biased at the minimum transmission point to generate two sets of orthogonally polarized radio frequency (RF) and local oscillator (LO) modulation sidebands with the optical carrier being suppressed. Suppressing the optical carrier enables high RF and LO modulation sidebands to be detected by a photodiode without saturation. The LO modulation index is also designed to obtain a high conversion efficiency mixing operation. Experimental results demonstrate frequency downconversion with an image rejection function and a high conversion efficiency of > À5 dB over a wide 3 to 20 GHz frequency range. A technique for compensating the effect of coupler amplitude and phase imbalance to obtain a high image rejection ratio is also experimentally demonstrated.
Introduction
Signal processing in the optical domain provides the potential for very wide band operation, as the bandwidth of the modulated signal is very small compared with optical carrier frequency [1] . Photonics also provides improved electro-magnetic interference (EMI) and electro-magnetic compatibility (EMC) performance over traditional electronic systems, thereby providing more options for cable routing. The inherent opto-isolation of signals within a photonics-based processor provides tactical advantages through the reduction of re-radiated signals.
Microwave frequency mixing is one of the important signal processing functions for microwave and millimeter wave antenna applications such as radio-over-fiber [2] and defense receiver systems [3] . The function of a mixer is to up or down convert the frequency of a radio frequency (RF) signal into an intermediate frequency (IF) signal by mixing the RF signal with a local oscillator (LO). Conventional electronic mixers have the problems of limited bandwidth, limited isolation, and EMI, which can be overcome by photonic microwave mixers. Various photonic microwave mixer structures have been reported [2] - [17] . Most of them are based on two optical modulators, where one is driven by an RF signal, and the other is driven by an LO arranged in different configurations. For example photonic microwave mixers can be implemented by connecting two MZMs in series [4] , [5] , two optical phase modulators in parallel [7] or series [8] , an MZM and an electroabsorption modulator in series [9] , two optical phase modulators inside a Sagnac loop interferometer [10] or two MZMs in parallel [11] , [12] . Among them, mixers based on an integrated dual-parallel Mach-Zehnder modulator (MZM) is of interest as they have demonstrated the ability to obtain high conversion efficiency [11] and high spurious free dynamic range [12] mixing operation. Recently a dual-parallel MZM based mixer has been reported to realize an image rejection function [13] . The image signal, which is usually generated by a human source, is picked up by an antenna together with an RF signal. It has a frequency f IM ¼ f LO À f IF , which generates an unwanted signal at the IF signal frequency f IF after it is mixed with an LO frequency f LO . This unwanted signal causes false reception or distorts the wanted IF signal, which is generated by mixing the LO with an RF signal having a frequency f RF ¼ f LO þ f IF . This problem can be solved by using an image rejection mixer. There are only few reports on photonics-based image rejection mixers [13] - [17] . They rely on using one or more optical filters to select one modulation sideband, which limits the mixer lower operating frequency [13] , [14] , or using multiple modulators, which increases the system loss [15] - [17] . Some of them also use electrical components such as amplifiers and filters [16] , [17] , which limit the system bandwidth. Until now there has been no report on a photonic microwave image rejection mixer that can achieve high conversion efficiency over a wide frequency range. This paper presents a photonic microwave mixer based on an integrated dual-parallel MZM that not only can suppress the effect of an image signal but also has high conversion efficiency and a wide bandwidth. The ability of rejecting an image signal and realizing high conversion efficiency mixing operation are analyzed. Experiments are preformed to demonstrate the ideas. A technique of introducing attenuation and time delay in the mixer structure, which was used in the balanced detection structure for laser intensity noise suppression [18] , to compensate for the effect of amplitude and phase imbalance of the couplers used in the system is also presented and experimentally verified.
Topology and Operation Principle
The topology of the high conversion efficiency photonic microwave image rejection mixer is shown in Fig. 1(a) . A laser source generating a continuous wave light with linear polarization aligned to the slow axis is launched into an integrated dual-parallel MZM having a structure as shown in Fig. 1(b) . The modulator consists of two dual-drive MZMs connected in parallel. Each dual-drive MZM has a Mach-Zehnder structure with a phase modulator (PM) in each branch. It has two RF ports, and a DC port for inputting a bias voltage to control the phase difference between the two branches. The output of the lower MZM is connected to a 90°polarization rotator. Hence the polarization state of the light after the 90°polarization rotator is orthogonal to that at the output of the upper MZM. The two orthogonally polarized signals are combined by a polarization beam combiner (PBC). Fig. 1 shows the upper and lower dual-drive MZMs inside the dual-parallel MZM are driven by a 90°phase different RF and image signal and an LO. The modulators are biased at the minimum transmission point to suppress the optical carrier, which is normally several orders of magnitude higher than the sidebands and has no contribution to the frequency conversion process, leaving two sets of orthogonally polarized RF and image signal modulation sidebands and LO modulation sidebands at the dual-parallel MZM output. An optical amplifier can be used to amplify the sidebands. The orthogonally polarized modulation sidebands are split by a polarization beam splitter (PBS) so that the sidebands aligned to the slow and fast axis are detected by the top and bottom photodiode, respectively. Two IF signals having different phases are produced at the two photodiode outputs. A 90°hybrid coupler is used to combine the photodiode outputs and to suppress the unwanted signal at the IF signal frequency, which is generated by an image signal mixed with an LO. Fig. 2 shows the suppressed carrier at the frequency f c together with the modulation sidebands after the PBS into the photodiodes. Note that the x and y axis in the figure indicate the in-phase and quadrature component respectively. The RF and image signal and LO modulation sidebands beat at the photodiode, generating an IF signal at the frequency f IF . Fig. 2 illustrates the case where the mixer is used for downconversion in which the frequency of the RF signal, image signal, and LO are in the GHz to tens of GHz range, and the downconverted IF signal frequency is in the hundreds of megahertz range. The RF signal, image signal, LO, and IF signal have the following frequency relationships:
It can be seen from Fig. 2 that the IF signal generated by an RF signal beats with an LO at output of the top photodiode has the same phase as that generated by an image signal beats with the LO. On the other hand, the IF signals at the output of the bottom photodiode have an opposite phase. The 90°hybrid coupler after the photodiodes introduces a 90°phase shift to the IF signals after the top photodiode and combines with the IF signals at the bottom photodiode output. As a result, the IF signals generated by the RF signal beats with an LO at the two photodiode outputs are in phase, whereas the IF signals generated by the image signal beats with the LO at the two photodiode outputs are out of phase and are cancelled after the 90°hybrid coupler. This shows the mixer has the ability to reject the effect of an image signal to the mixer output.
Although both the mixer shown in Fig. 1 and the mixer presented in [13] are implemented by using a dual-parallel MZM and have the image rejection function, their operation principles are different. In [13] , the modulator bias voltages are designed to obtain a 90°phase shift, whereas the modulators in the mixer shown in Fig. 1 are biased at the minimum transmission point to suppress the optical carrier. In [13] , an optical filter with sharp edge roll-off is required to select only one modulation sideband at the dual-parallel MZM output. This limits the system lower operating frequency to around 10 GHz. As such the mixer cannot be used for 1-18 GHz and 4-40 GHz electronic warfare systems [3] , [7] . Using an optical filter in the setup not only introduces an additional loss in the system, which reduces the sideband amplitude by as much as 12 dB [13] , but also filters out one sideband, which is clearly not efficient compared to using both upper and lower modulation sidebands for frequency conversion in the mixer shown in Fig. 1 , degrading the mixer conversion efficiency and noise figure performance. A sharp edge roll-off optical filter is not required in the image rejection mixer shown in Fig. 1 . In this case, the mixer also has the advantage that its output is not sensitive to changes in the laser source wavelength.
Analysis and Simulation
Referring to Fig. 1 , the electric field at the output of the upper MZM driven by an RF signal, an image signal and an LO having an angular frequency ! RF , ! IM and ! LO , respectively, can be expressed as
where E in is the electric field amplitude of the light at the dual-parallel MZM input; t ff is the MZM insertion loss; ! c is the angular frequency of the light into the MZM; RF ¼ V RF =V , IM ¼ V IM =V and LO ¼ V LO =V are the modulation index of the input RF signal, image signal, and LO, respectively; and V is the modulator switching voltage. The electric field at the output of the lower MZM driven by the same LO and the same RF and image signal but with a 90°phase shift to that applied to the upper MZM can be expressed as
The 90°polarization rotator after the lower MZM rotates the light polarization state by 90°so that the polarization of the light at the output of the lower branch of the integrated dualparallel MZM is aligned to the fast axis. Therefore, the electric field after the dual-parallel MZM is given by
wherex andŷ represent the two orthogonal polarization states. Under small signal conditions, the electric field after the dual-parallel MZM can be written as
where J m ðx Þ is the Bessel function of the mth order of the first kind. Note from (4) that the phase of the RF and image signal modulation sidebands are different for the two orthogonally polarized signals. The PBS splits the two orthogonally polarized signals. The optical signal withx andŷ polarization state are detected by the top and bottom photodiode respectively. Since the optical power is the electric field square, i.e., P ¼ jE j 2 , and the photocurrent is the product of the optical power and photodiode responsivity <, the photocurrents at the IF signal angular frequency, i.e., ! IF ¼ ! RF À ! LO ¼ ! LO À ! IM , generated at the output of the two photodiodes can be obtained from (4) and are written as
where P in is the optical power into the dual-parallel MZM, and G OA is the gain of the optical amplifier after the dual-parallel MZM. The 90°hybrid coupler connected to the photodiode output shifts the phase of the IF signal at the top photodiode output by 90°. Therefore the mixer output at the IF signal frequency can be written as
where L out is the insertion loss of the 90°hybrid coupler at the mixer output. Equation (7) shows the IF signal generated from the image signal is cancelled but the IF signal generated from the RF signal remains demonstrating the image rejection mixing operation. The mixer conversion efficiency, which is defined as the ratio of the output IF signal power to the input RF signal power [6] , can be obtained from (7) and is given by
where L in is the insertion loss of the 90°hybrid coupler at the mixer input, R in is the modulator input resistance and R out is the photodiode load resistance. Equation (8) shows the image rejection mixer conversion efficiency can be improved by increasing the optical power into the photodiode by using either high laser source power or high optical amplifier gain. However, in practice photodiodes have limited optical power handling ability, e.g., commercial photodiodes can handle 18 dBm optical power [19] . Therefore the laser source power and the optical amplifier gain need to be designed to obtained high conversion efficiency without saturating the photodiodes. The average optical power into the photodiode for the image rejection mixer shown in Fig. 1 is given by
Since the two modulators inside the integrated dual-parallel MZM structure are biased at the minimum transmission point, the optical carrier is suppressed and hence the average optical power into the photodiode is mainly determined by the power of the LO modulation sidebands. Note that (8) and (9) show both the mixer conversion efficiency and the average optical power into the photodiode are proportional to the square of the first order Bessel function of the LO modulation index J 1 ð LO Þ 2 . However, it can be seen from the equations that the mixer conversion efficiency is proportional to the optical amplifier gain square G 2 OA whereas the average optical power into the photodiode is proportional to G OA . Therefore one can reduce the LO modulation index and increase the optical amplifier gain to maintain the same amount of optical power into the photodiode, i.e., to avoid saturating the photodiode, and at the same time increase the mixer conversion efficiency. Note that for simplicity the above analysis assumes the RF signal, the image signal and the LO are a single frequency sinusoidal wave as was used in the reported photonic microwave image rejection mixer analysis. The dual-parallel MZM based photonic microwave image rejection mixer is suitable for up or down converting a practical RF signal, which has a band of frequency and has arbitrary amplitude and phase. This has been verified using VPITransmissionMarker photonic simulation software by simultaneously applying multiple RF signals with different amplitude, frequency and phase into the dual-parallel MZM based image rejection mixer. Fig. 3 shows the simulation results of the image rejection mixer conversion efficiency as a function of the LO modulation index where the optical amplifier gain is adjusted so that the average optical power into the photodiode is fixed at 10 dBm. This shows high conversion efficiency can be obtained using small LO modulation index and high optical amplifier gain. Positive conversion efficiency, i.e., conversion gain, can be obtained when LO G 0:17. The conversion efficiency of the dual-parallel MZM based image rejection mixer is similar to that of the mixers, which were designed to obtain high conversion efficiency performance [8] , [10] , [11] , and is largely improved compared to the conventional cascaded-modulator based photonic microwave mixers [4] , [5] . In additional to high conversion efficiency, the image rejection mixer also exhibits high isolation between the RF and LO ports. Biasing the modulators in the dual-parallel MZM structure at the minimum transmission point to suppress the optical carrier not only can improve the mixer conversion efficiency but also suppress the RF and LO frequency components at the mixer output. This cannot be obtained using the conventional cascaded-modulator based photonic microwave mixers [4] , [5] , which have the problem of generating unwanted spurious terms at the mixer output due to the present of the strong LO frequency component [6] . It should be pointed out that although commercial image rejection mixers can operate at high frequencies, they have a limited bandwidth, which limits their use in applications such as defense that requires wide bandwidth. Currently, commercial image rejection mixers have the advantage in terms of cost and size. However, silicon photonic technology, which enables integrating both active and passive photonic devices in a silicon chip [20] , can significantly reduce the cost and size of the dual-parallel MZM based photonic microwave image rejection mixer. It was stated in [21] that analog photonic technologies into the W band (75-110 GHz) are now commercially available. The dual-parallel MZM based photonic microwave image rejection mixer operating frequency is limited by the 90°hybrid couplers. Nevertheless commercial 90°hybrid couplers have a 4-67 GHz bandwidth [22] indicating the mixer can be operated in the V band (57-66 GHz).
Experimental Results
Experiments were set up as shown in Fig. 4 to verify the concept of the photonic microwave image rejection mixer. The optical source used in the experiment had a 1550 nm wavelength and 100 kHz linewidth. The continuous wave light from the laser source, after passing through a polarization controller (PC 1 ), was launched into an integrated dual-parallel MZM (Fujitsu FTM7980). Both the upper and lower MZMs inside the integrated modulator structure were biased at the minimum transmission point. Over 40 dB carrier suppression was measured at the modulator output. PC 1 was used to align the light polarization state into the integrated dual-parallel MZM to maximize the modulation efficiency. Two 20 GHz microwave signal generators (Agilent 83752A, Anritsu MG3692B) were used to provide an RF or image signal and an LO, and were connected to the input of a 2-26.5 GHz 90°hybrid coupler (Marki Microwave QH0226) and a 1-40 GHz Wilkinson power divider (Marki Microwave PD0140) respectively. The outputs of the 90°hybrid coupler were connected to Port 1 and 3 of the modulator. The outputs of the Wilkinson power divider were connected to Port 2 and 4 of the modulator. The orthogonally polarized modulation sidebands at the modulator output were amplified by an erbium-doped fiber amplifier (EDFA), which was followed by an optical filter to filter out the amplified spontaneous emission noise from the amplifier. The optical filter had 1 nm bandwidth, 1550 nm center wavelength and 1 dB insertion loss. Since the EDFA and the optical filter were not polarization maintaining components, PC 2 was used to align the polarization states of the orthogonally polarized modulation sidebands into a PBS whose outputs were connected to two 50 GHz bandwidth photodetector (U2t XPDV2120R) to generate two IF signals. It should be noted that PC 1 and PC 2 can be avoided by using polarization maintaining components between the laser and the PBS. A variable optical attenuator (VOA) and a tunable delay line (TDL) were connected between the PBS and the photodetectors to match the amplitude of the IF signals at the photodetector outputs and to control the path length difference between the PBS and the photodetector. The two IF signals were combined by a 0.5-9 GHz 90°hybrid coupler (Gwave GHC-90-005090). The output of the coupler was viewed on an electrical spectrum analyzer (Anritsu MS2692A). Due to the frequency limitation of the signal generators used in the experiment, the RF signal frequency, the LO frequency and the image signal frequency were designed to be 20 GHz, 19.5 GHz, and 19 GHz, respectively. Therefore the mixer output IF signal frequency was 500 MHz. The input RF and image signal power measured on the electrical spectrum analyzer were À2.5 dBm. The VOA and TDL were adjusted to maximize the mixer image rejection ratio, which is defined as the ratio of the wanted and unwanted IF signal power. The mixer conversion efficiency was measured for different LO powers while the optical powers into the two photodetectors were fixed at 10 dBm by adjusting the EDFA gain. The measured conversion efficiencies for different LO modulation indexes are shown in Fig. 3 . This verifies high conversion efficiency can be obtained using a small LO modulation index. The mixer conversion efficiency is À2.2 dB for 0.16 LO modulation index, which is around 5 dB above the conversion efficiency of the current state-of-art commercial image rejection mixers [23] , [24] . With an LO modulation index of 0.16, the mixer output IF signals generated by the RF and image signal beat with the LO were measured on the electrical spectrum analyzer and are shown in Fig. 5(a) and (b) respectively. It can be seen from the figure that the wanted and unwanted IF signal power are À4.6 dBm and À56.5 dBm, respectively. This corresponds to a 51.9 dB image rejection ratio. It should be pointed out again that the unwanted frequency component generated by the image signal mixed with the LO has the same frequency as the IF signal. Therefore the RF signal and the image signal were applied separately to the modulator in order to measure the amplitude of the IF signal and the unwanted frequency component at 500 MHz.
In order to investigate the performance of the photonic microwave image rejection mixer over a wide frequency range, the frequency of the RF signal, the LO and the image signal were tuned from 3-20 GHz, 2.5-19.5 GHz, and 2-19 GHz respectively with an IF signal frequency fixed at 500 MHz. Fig. 6 shows the mixer conversion efficiency is > À5 dB over the 3 to 20 GHz input RF signal frequency range. This is 15 dB above the conversion efficiency of the recently reported image rejection mixer [13] . Note from Fig. 6 that the mixer conversion efficiency has G 3 dB variation over the 3 to 20 GHz frequency range. This variation is due to the frequency characteristic of the modulator, hybrid couplers, photodiodes, and cables used in the experiment. Using components with a flatter frequency response performance can reduce the mixer conversion efficiency variation.
The mixer image rejection ratio was also measured for different RF signal frequencies while the IF signal frequency was fixed at 500 MHz. Fig. 7 ( ) shows the image rejection ratio changes with the RF signal frequency and it reduces to 28.4 dB for 3 GHz RF signal frequency. The frequency-dependent image rejection ratio measured in the experiment is due to the frequency dependent characteristic of the couplers used in the setup. In practice, couplers have amplitude and phase imbalance, which degrades the image rejection ratio [15] . Since the amplitude and phase imbalance of a coupler are different at difference frequencies, the mixer image rejection ratio is frequency dependent. The amplitude imbalance in the couplers can be compensated by using a VOA to control the optical power into the photodetector. The attenuation of the VOA needs to be adjusted as the input RF signal frequency changes to compensate for the effect of the frequency dependent amplitude imbalance in the couplers. Similarly the phase imbalance in the couplers can be compensated by using a TDL to introduce a frequency dependent phase shift. Therefore in practice one can use a programmable VOA and a programmable TDL to maintain high image rejection ratio as the input RF signal frequency changes. This has been experimentally verified with the results shown in Fig. 7 ( ) . It can be seen that > 50 dB image rejection ratio was maintained as the RF signal frequency changes over the 3-20 GHz frequency range. Note that the typical bandwidth of an IF signal is few 100 MHz [5] , [8] . While fixing the VOA and TDL setting at the optimum value for 18 GHz RF signal frequency, the mixer image rejection ratio was measured over a range of frequency around 18 GHz. The experimental result in Fig. 8 shows over 40 dB image rejection ratio can be maintained in a 500 MHz frequency band. The same measurement was conducted at other RF signal frequencies and the experimental results show > 40 dB image rejection ratio over a few 100 MHz frequency band can be obtained. This is more than 10 dB improvement compared to commercial image rejection mixers, which have a typical image rejection ratio of 25 to 30 dB. It should be pointed out that though the image rejection mixer presented in [13] does not require a 90°hybrid coupler, broadband power splitters are required to split an RF or image signal and an LO before entering the modulators. Broadband power splitters also have the problem of amplitude and phase imbalance, which affects the mixer image rejection ratio. This problem was not discussed in the paper. Finally, the mixer conversion efficiency for different input RF signal powers was measured. This was done by changing the RF signal power from the signal generator (Agilent 83752A) in the range of À15 dBm to 3 dBm while fixing the RF signal and LO frequency to be 20 GHz and 19.5 GHz, respectively. The measurement shown in Fig. 9 indicates that the mixer conversion efficiency remains unchanged for the input RF signal power of G 0 dBm. This shows the mixer has a high conversion efficiency performance and can be operated over a wide RF power range. Note that the mixer conversion efficiency analysis assumes the RF signal is a small signal and hence (8) shows the mixer conversion efficiency is independent to the input RF signal power. However, as the input RF signal power increases, the condition of small RF signal is no longer valid. Under this condition the modulator nonlinearity needs to be taken into account and hence the output IF signal power is no longer increased linearly with the input RF signal power. Therefore the mixer conversion efficiency reduces as the RF signal power > 0 dBm, as shown in Fig. 9 .
Conclusion
A novel photonic microwave signal processor for frequency down conversion has been presented. It has the ability of rejecting the effect of an image signal at the mixer output and simultaneously obtaining high conversion efficiency performance. It can be operated over a wide frequency range. The mixer conversion efficiency has been analyzed. The system parameters such as the LO modulation index and the optical amplifier gain have been designed to maximize the conversion efficiency. Experimental results demonstrated the image rejection mixer has > À5 dB conversion efficiency over the 3-20 GHz RF signal frequency range. To the best of our knowledge, this is the highest reported conversion efficiency in a broadband image rejection mixer. A technique to compensate for the effect of the coupler amplitude and phase imbalance on the mixer image rejection ratio has also been presented and demonstrated experimentally.
